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B r i e f  Summary 
The p r i  n c i  pa l  research e f f o r t  accomplished under NASA Grant NAG 5-489 
was t h e  research repor ted i n  Attachment 1 e n t i t l e d  "Energy Balance Const ra in ts  
on G r a v i t y  Wave Induced Eddy D i f f us ion  i n  t h e  Mesosphere and Lower 
Thermosphere." 
i s s u e  o f  Journal  o f  Geophysical Research--Atmospheres. 
Th is  paper i s  i n  press and should appear i n  t h e  November 1985 
I n  t h i s  paper we make a s t rong case f o r  t u r b u l e n t  d i f f u s i v e  t r a n s p o r t  
of cons t i t uen ts  and p o t e n t i a l  temperature a t  r a t e s  s i g n i f i c a n t l y  l e s s  than used 
by most workers i n  t h e  f i e l d .  Recent ana lys i s  o f  microwave der ived  water  vapor 
m i x i n g  r a t i o  p r o f i l e s  i n  t h e  upper mesosphere by t h e  P I  s u b s t a n t i a t e  t h i s  
conc lus ion  o f  t h e  paper. 
We a l so  argued i n  t h i s  paper t h a t  l a r g e r  d i f f u s i o n  c o e f f i c i e n t s  are 
perrni t t e d  f o r  chemical l y  a c t i v e  species than t h e  c o n s t r a i n t s  d e r i  ved f rom 
thermodynamic considerat ions.  
f u s i o n  c o e f f i c i e n t s  used by researchers t o  t r a n s p o r t  odd oxygen can be supp l ied  
Recent work by t h e  P I  shows t h a t  t h e  l a r g e  d i f -  
by n-vity Y '  u waves whcse amplitudes are near their  s a t u r a t i o n  value. 
I n  a d d i t i o n  some p re l im ina ry  research was c a r r i e d  out  i n  non-LTE 
r a d i a t i v e  t r a n s f e r .  Th is  research w i l l  be cont inued i n  subsequent NASA g ran ts  
and used i n  t h e  ana lys i s  o f  SME data. 
Energy Balance Constra in ts  on Grav i t y  Wave Induced Eddy D i f f u s i o n  
i n  
The Mesosphere and Lower Thermosphere 
bY 
D a r r e l l  F, Strobel '  
John P. Apruzese2 
and 
Mark R. Schoeber13 
June 1985 
' Department o f  Ear th  and Planetary Sciences 
The Johns Hopki ns Uni vers i  t y  
Bal t imore,  MD 21218 
Plasma Physics D i v i s i o n  
Naval Research Laboratory 
Washi ngton, DC 20375 
Laboratory f o r  Atmospheres 
Goddard Space F l i g h t  Center 
Greenbelt, MD 20771 
Abstract  L 
Breaking g r a v i t y  waves generate and mainta in  a background l e v e l  o f  t u r -  
bulence which i s  capable o f  producing s u b s t a n t i a l  c o o l i n g  and/or hea t ing  i n  the  
upper mesosphere and lower thermosphere. 
break ing g r a v i t y  waves i s  c r i t i c a l l y  dependent on t h e  eddy P rand t l  number ( P t )  
a p p l i c a b l e  t o  mesospheric turbulence.  When P t  - 1, our c a l c u l a t i o n s  o f  t he  heat 
budget f o r  t h e  mesopause reg ion  imply t h a t  t h e  g l o b a l l y  averaged eddy o r  t u r -  
bu len t  d i f f u s i o n  c o e f f i c i e n t  cannot exceed lo6 cm s . This  upper l i m i t  on t u r -  
bu len t  d i f f u s i o n  app l i es  1oo”’both p o t e n t i a l  temperature t r a n s p o r t  and chemical ly 
i n e r t  t r a c e r  t r a n s p o r t  when r a d i a t i v e  damping i s  n e g l i g i b l e .  F o r  chemical ly 
a c t i v e  species l a r g e r  d i f f u s i o n  c o e f f i c i e n t s  are permit ted,  because t h e  e f f e c -  
t i v e  eddy d i f f u s i o n  c o e f f i c i e n t  i s  increased by an a d d i t i v e  term L/2y2, where L 
i s  t h e  chemical loss r a t e  and y i s  the v e r t i c a l  wavenumber. 
The net thermodynamic e f f e c t  o f  
2 -1 
For P t  - 4-6, t h e  t u r b u l e n t  d i f f u s i o n  o f  momentum (DM) i s  s u f f i c i e n t l y  
g rea te r  than t h e  t u r b u l e n t  . d i f f u s i o n  o f  heat (DH) t h a t  t h e  conversion o f  g r a v i t y  
wave energy t o  heat w i th  h i g h  e f f i c i ency  near l y  balances the  divergence o f  t h e  
downward eddy heat f ux i n  t h e  wave break ing zone. Therefore t h e  heat budget o f  
t h e  mesopause reg ion  would no longer  p r o v i d e  a powerful  and u s e f u l  c o n s t r a i n t  on 
DH. I f  P t  exceeds 6 w i th  h i g h  e f f i c i e n c y  f o r  energy conversion t o  heat, g r a v i t y  




Lindzen's (1981) parameterization of turbulence and stress generated by 
breaking gravity and tidal waves initiated considerable research on constituent 
transport and the momentum and heat budget of the mesosphere (e.g. Holton 1982, 
1983; Dunkerton, 1982; Schoeberl e t  a l . ,  1983; Apruzese et  al., 1984; Fr i t ts  and  
Dunkerton, 1985; Garcia and Solomon, 1985). The identification of a specific 
mechanism which produces turbulent mixing allows a quantitative description of 
associated effects even t h o u g h  i t  may be highly parameterized. 
the research referenced above i t  would appear t h a t  the intensity of the t u r b u -  
lence as represented by the eddy or turbulent diffusion coefficient, D(cm s 
must be greater t h a n  lo6 cm s 
tuent transport, whereas our previous study of the heat budget (Apruzese et  al.,  
1984) concluded t h a t  D < lo6 cm s 
On the basis of 
2 -1 
), 
2 -1 from studies of the momentum budget and consti- 
2 -1 2 -1 
Taken a t  face value we might deduce t h a t  the effective eddy Prandtl 
with a preferred value of 6 x lo5 cm s . 
number nust be greater t h a n  one. 
diffusion coefficient, DM, divided by the thermal diffusion coefficient, D H , )  
In a turbulent atmosphere tracer transport and potential temperature transport 
should be described by the same coefficient, DH, i n  the limit of a chemically 
inert  species and adiabatic motion, if K theory adequately describes turbulent 
transport processes (see Kraichnan, 1976, for comments on this  simplification). 
The studies of  Allen et  al. (1981) and Garcia and Solomon (1985) clearly suggest 
2 -1 that DH exceed lo6 cm s for chemically active species i n  contrast t o  the upper 
limit on DH obtained by Apruzese e t  a l .  (1984). 
(1985) their  net DH had only a weak dependence on the chemical loss rate and thus 
should be approximately equal t o  the heat diffusion coefficient. They assumed 
P t  = 1 and calculated DM with Holton's (1982) modification of Lindzen's (1981) 
parameterization of breaking gravity waves. 
> l o6  cm s 
(The eddy Prandtl number, Pt ,  i s  the momentum 
* 
In the case of Garcia and Solomon 
As i n d i  cated above they o b t a i  sed % 
2 -1 in the mesopause region, with largest values d u r i n g  solstice. 
2 
I. 
The p r i n c i p a l  o b j e c t i v e  o f  t h i s  repo r t  i s  t o  re-examine the  cons t ra in t s  
on tu rbu lence imposed by the  heat budget and determine whether there  i s  s u f f i -  
c i e n t  t h e o r e t i c a l  evidence t o  support t he  hypothesis t h a t  t he  eddy Prandt l  
number i s  g rea ter  than one i n  the  mesosphere. 
i s  ca l cu la ted  w i t h  tu rbu len t  d i f f u s i o n  c o e f f i c i e n t s  commonly used i n  chemical 
The mesopause thermal s t r u c t u r e  
models and deduced from mean zonal wind decelerat ion.  As seen below, extreme 
mesopause temperatures o f  l ess  than 100 K are produced by the  l a rge  net cool ing.  
2. Model 
The model adopted f o r  t h i s  study inc ludes the  non-LTE vers ion o f  the  
- *-d - 
Apruzese e t  a l .  (1982) two-stream I R  a lgor i thm,  the  phys ica l  processes o f  molecular 
and t u r b u l e n t  heat conduction, odd oxygen t ranspor t ,  g r a v i t y  wave d iss ipa t ion ,  
and NO I R  coo l i ng  as descr ibed i n  Apruzese e t  a l .  (1984). The approximate I R  
a l g o r i t h m  incorporates exact coo l i ng  t o  space escape p r o b a b i l i t i e s  from Fe ls  and 
Schwarzkopf’s (1981) extens ive tab les on CO2 t ransmi t tances t o  generate 
accurate coo l i ng  t o  space rates.  
i s  t r e a t e d  approximately; consequently on ly  thermal disturbances w i th  v e r t i c a l  
wavelengths grea ter  than 8 km can be t r e a t e d  w i t h  s u f f i c i e n t  accuracy i n  the  
model. 
Rad ia t i ve  exchange between atmospheric l aye rs  
* 
None o f  t h e  r e s u l t s  presented below are s u f f i c i e n t l y  s e n s i t i v e  t o  our 
approximate I R  coo l i ng  and heat ing  ra tes  t o  warrant  a s u b s t a n t i a l l y  more 
accurate t reatment o f  I R  r a d i a t i v e  t r a n s f e r  a t  t h i s  time. 
V e r t i c a l l y  propagat ing g rav i t y  waves carry‘ energy which i s  preferen- 
t i a l l y  deposi ted as heat i n  t h e  wave break ing zone as a r e s u l t  o f  t h e  turbulence 
created. Schoeberl e t  a l .  (1983) gave a s imple a n a l y t i c  expression f o r  t h i s  
h e a t i n g  i n  terms of t he  e f f i c i e n c y  E w i t h  which g r a v i t y  wave energy i s  converted 
t o  heat 
N ~ D ~  
H = -?c (1 + P;’)E K s-l 
P 9 
3 
where N i s  the buoyancy frequency, and cp i s  the  s p e c i f i c  heat a t  constant 
pressure. 
ward tu rbu len t  heat f l u x  whose divergence (convergence) r e s u l t s  i n  coo l i ng  
(heat ing) .  
f i e l d  i s  
A lso turbulence generated by breaking g r a v i t y  waves leads t o  a down- 
The usual expression f o r  t h i s  process a c t i n g  on the  mean temperature 
where C a  > 0 f o r  heat ing,  p i s  mass densi ty,  T i s  temperature, g i s  g rav i ta -  
.I 
- t iona l  accelerat ion,  and z i s  a l t i t u d e .  
Given t h e  va r ie t y  of physical  and r a d i a t i v e  processes o u t l i n e d  above 
and discussed i n  depth i n  Apruzese e t  a l .  (1984) the  g l o b a l l y  averaged 
equi 14 br ium temperatures i n  t h e  mesosphere and lower  thermosphere were calcu- 
l a t e d  as a f u n c t i o n  o f  t he  'eddy d i f f u s i o n  c o e f f i c i e n t ,  DM, and eddy Prandt l  
number, P t .  
t i o n  between t h e  t u r b u l e n t  d i f f u s i o n  and temperatures could be represented by 
t h e  product o f  t h e i r  g lobal  averages. 
I n  computing these temperatures it was presumed t h a t  t he  co r re la -  
I n  o ther  words if <> repcesents a g loba l  
average then we assumed 
a D - a T , . =  - a <D> - a <T> < -  az az az az 
We have tes ted  t h i s  assumption under s o l s t i t i a l  cond i t ions  us ing  an a n a l y t i c  - 
model o f  the  mesospheric wind and temperature s t ruc tu re .  Using Lindzen's fo r -  
mula D a (U-C)~ we found t h a t  us ing  g lobal  averages t o  represent the  heat f l u x  




The g lobal  heat budget i s  also a f f e c t e d  by the  convergence o f  the down- 
_- 
ward heat f l u x  associated w i th  the a n t i c o r r e l a t i o n  of t he  zonal mean v e r t i c a l  
- 
v e l o c i t y ,  w, (a r e s u l t  of  g r a v i t y  wave break ing)  and t h e  zona l l y  averaged tern- 
perature,  i.e. t he  term -- ' a <pGi> i n  t h e  thermodynamic energy equation. This  
term i s  s u b s t a n t i a l l y  smal ler  than t h e  net  hea t ing  term due t o  g r a v i t y  waves, Hg 
+ Cg. 
Garcia and Solomon (1985) w i t h  a mean mer id ional  c i r c u l a t i o n  d r i v e n  by g r a v i t y  
P az 
Fo r  example a t  t he  mesopause under s o l s t i t i a l  c o n d i t i o n s  t h e  model o f  
wave break ing p r e d i c t s  < D > = 1.5 x 106cm s-l and < G f  > = 16 K cm s - l .  The w 
- 
and f i e l d s  have an approximate height dependence o f  p In. The convergence o f  
t h i s t r r r a t  f l u x  i s  spread over a t  l eas t  2 o r  3 scale he igh ts  and has a magnitude 
I 
o f  a t  most 10% o f  Hg + Cg. This i s  not s u r p r i s i n g  as w and f have l a r g e  arnpli- 
tudes only  a t  p o l a r  l a t i t u d e s ;  t he  global average i s  accord ing ly  small .  
3. Resul ts  
I n  our i n i t i a l  s e t  of ca l cu la t i ons ,  f o u r  rep resen ta t i ve  t u r b u l e n t  d i f -  
f u s i o n  c o e f f i c i e n t s  were constructed and are shown i n  t h e  top  panel o f  F ig .  1. 
Model A is our "best f i t" p r o f i l e  from Apruzese e t  a l .  (1984) ( t h e i r  model 4),  
a l though no r e a l  e f f o r t  was expended t o  generate a t r u l y  e x c e l l e n t  f i t. 
has an asymptot ic value for D of 6x10' em's-' a t  h i g h  a l t i t u d e s  and i s  charac- 
Model A 
t e r i z e d  by very low values throughout t h e  mesosphere. 
Model B i s  an average o f  the summer and w i n t e r  d i f f u s i o n  c o e f f i c i e n t s  
est imated by Llndzen (1981) f o r  breaking g r a v i t y  waves. Model C includes, i n  
a d d i t i o n  t o  g r a v i t y  wave generated t u r b u l e n t  d i f f u s i o n ,  L indzen 's  est imate o f  t h e  
c o n t r i b u t i o n  f rom t h e  breaking d iu rna l  t i d e .  
regarded as 1 l u s t r a t i  ve r a t h e r  than rt cjorous g l o b a l l y  averaged values of t h e  
t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t .  F i n a l l y  Model D i s  t h e  envelope o f  t h e  h i g h l y  
s t r u c t u r e d  v e r t i c a l  eddy d i f f u s i o n  c o e f f i c i e n t  used by A l l e n  e t  a l .  (1981) i n  a 
These two p r o f i l e s  should be 
5 
1U model o f  mesospheric chemistry. Most 1D models o f  mesospheric chemistry 
r e q u i r e  eddy d i f f u s i o n  c o e f f i c i e n t s  i n  excess of  lo6 cm s and poss ib ly  as 
h igh  as l o 7  cm s , Model D i s  c e r t a i n l y  not 
2 -1 
2 -1 2 -1 . With a peak value of 2x106 cm s 
an extreme case. 
I n  the  middle panel o f  F i g .  1 the  f o u r  g l o b a l l y  averaged temperature 
p r o f i l e s  ca lcu la ted  w i t h  t h e i r  respec t ive  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t s  are 
compared w i t h  the C I R A  1972 temperature p r o f i l e ,  which i s  representa t ive  o f  t he  
observed g loba l l y  averaged temperature. 
t h a t  P t  = 1, i.e. DM = DH E D, and E = 1. 
f o r  conversion of grav i t y  wave energy t o  h e a t i s  _based on numerical s imulat ions 
o f  F r i t t s  and Dunkerton (1984). Note t h a t  Model A underestimates the  temperature 
by up t o  20°K between 65 and 75 km, t h e  reg ion  where I R  coo l i ng  i s  dominated by 
&ho t  bands and i s o t q p j c  bands (Dickinson, 1973; Wehrbein and Leovy, 1982). 
comparison o f  our coo l ing  rates w i th  t h e  very recent  computations o f  Dickinson 
(1985) i nd i ca tes  t h a t  our ra tes are t o o  l a r g e  i n  the  63-82 km region, 
shown below a 40% reduct ion i n  the  CO, c o o l i n g  r a t e  e l im ina tes  t h e  discrepancy 
I n  these ca l cu la t i ons  i t  was assumed 
The assumption o f  a h igh  e f f i c i e n c y  
A 
As w i l l  be 
between observed and ca lcu la ted  temperatures. 
ca l cu la ted  temperature p r o f i l e  above 95 km from CIRA 1972 i s  due t o  the  uncer- 
t a i n t y  i n  the  C02(u2) deact iva t ion  r a t e  by 0 c o l l i s i o n s  as discussed a t  l eng th  i n  
Apruzese e t  a l .  (1984). The thermosphere i s  not o f  fundamental importance i n  
The departure ,of t h e  Model A 
t h i s  study and i s  not  discussed fu r the r .  
I n  the  lower panel o f  F i g .  1 the  divergence o f  the  t u r b u l e n t  heat f l u x  
i s  i l l u s t r a t e d .  For  Model A below t h e  mesopause t h e  coo l i ng  r a t e  does not  
exceed 5 K d'l . 
the  respec t ive  mesopause temperatures are 65 and 46 K. 
pause the  value of  D i n  Model C i s  s i g n i f i c a n t l y  l a r g e r  than Model B ' s  value. 
With Models B and C which have a peak value of D - 3x106 crn2-l, 
Note t h a t  a t  t he  meso- 
. 6 
The reason f o r  such co ld  mesopause temperatures i s  t he  extreme divergence o f  the 
t u r b u l e n t  heat f luxes.  I n  Model B i t  peaks a t  - 30 K d’’, whereas i n  Model C i t  
approaches 350’K d-’. With s o l a r  heat ing ra tes  o f  less  5 K d- l ,  t he  e q u i l i b r i u m  
temperature m s t  become very c o l d  t o  minimize IR coo l i ng  and maximize con- 
vergence o f  downward heat f l u x  from t h e  thermosphere c a r r i e d  by molecular con- 
duct ion.  Model D a l so  y i e l d s  a co ld  mesopause (-100 K )  but up t o  65 km i s  i n  
c lose  agreement w i t h  Model A, which suggests t h a t  below 65 km the  atmospheric 
heat budget i s  i n s e n s i t i v e  t o  values o f  D t h a t  do not  exceed t h e  Model D pro- 
f i l e .  Above 80 km the  l a r g e  values o f  D i n  Model D generate a divergence o f  t h e  
t u r b u l e n t  heat f l u x  i n  excess o f  - 63K& 
To a n a l y t i c a l l y  i l l u s t r a t e  t h e  s t rong  s e n s i t i v i t y  o f  temperature t o  
--**. 
t u r b u l e n t  d i f f u s i o n ,  we w r i t e  t h e  n e t  heat ing  due t o  g r a v i t y  waves as 
when the  smal l  
f o r  a d ia tomic 
-4 -2  3.5 x 10 s , 
assumed i n  Fig.  1 
a ’T 1 aDM 
az DM az term p ropor t i ona l  t o  7 i s  neglected, H:= ---) and Cp i s  
gas. Fo r  t y p i c a l  mesospheric values N2 =+(.i.i+$) = 
- I  
6 2 -1 H = 6 kin, DM i n  u n i t s  o f  10 cm s , wi th  P t  = 1 and E = 1 as 
6 2 -1 DM(10 cm s ) K d-’ 
Thus fo r  constant DM, Hg + Cg = -7.5 K d’ when DM = lo6 cGs-1 o r  -22 K d-1 f o r  
DM = 3x106 cm2s’l, which may be compared aga ins t  a maximum so la r  heat ing  r a t e  i n  
t h i s  reg ion o f  5 K d’’ Thus when Hg + Cg < -5 K d’l (DM > 7x105 crn2s’l >, t h e  meso- 
pause r u s t  cool  down t o  decrease IR c o o l i n g  and increase convergence o f  the  
dcxilr.ward thermal conduction heat f l ux .  Note t h a t  when nm - 0.7, i.e. DM a 
exp(z/l.4H), then Hg + Cg - 0. 
H 
’ ‘U 
I f  DM increases more r a p i d l y  w i t h  a l t i t u d e  than 
7 
t h i s ,  g r a v i t y  waves w i l l  produce a net hea t ing  o f  the region. S i m i l a r l y  i f  DM 
.+-.- 
increases more s lowly  wi th  h e i g h t  than exp (z/1.4H) net  g r a v i t y  wave coo l i ng  
occurs . 
Retu rn ing  t o  F ig .  1, it i s  apparent why Model A w i t h  an asymptot ic 
value o f  DM = 6x105 cm2s-1 i s  c lose t o  t h e  upper l i m i t  on h, beyond which 
d i sas t rous  consequences on t h e  mesopause temperature r e s u l t  from g r a v i t y  wave 
coo l i ng .  
generates net  g r a v i t y  wave c o o l i n g  over t h i s  region. Only when 91 > l o 6  C$S-’, 
does t h i s  c o o l i n g  r a t e  become excessive and t h e  mesospheric temperature plunges. 
I n  Models B and C, h > 106 cm2s-1 from 50 t o  75 km and 91 does not  increase 
w i t h  h e i g h t  more r a p i d l y  than exp(z/ZH). 
t h i s  reg ion  d r i v e s  t h e  mesospheric temperatures below 100°K above 75 km. 
Model D has Dpl i nc reas ing  as exp (z/2H) f rom 50 t o  80 km and hence 
The l a r g e  g r a v i t y  wave c o o l i n g  r a t e  i n  
Examination o f  Eq. (3) reveals t h a t  g r a v i t y  wave c o o l i n g  i s  dominated 
t 
by t h e  l a s t  term-; . Although over l i m i t e d  regions HD can be less than 
1.4H, even tua l l y  
o t h e r  terms w i t h  net g r a v i t y  wave cool ing.  
must l e v e l  o f f  (HD >> H) and t h e  l a s t  term overwhelms t h e  
Only i n  t h e  l i m i t  of  l a r g e  P t  can 
y reduced over t h e  e n t i r e  
E = 1, then Hg + Cg - 0. 
g i b l e  g r a v i t y  wave cool ing.  
- 
With 
t h e  c o n t r i b u t i o n  o f  t h i s  l a s t  term be s u b s t a n t i a l  
mesosphere. For  constant ~ ( H D  = =) when P t  = 6, 
f i n i t e  HD, a lower P rand t l  number w i l l  y i e l d  negl 
On t h e  o the r  hand, f o r  l a r g e  P t (Z l0 )  g r a v i t y  wave 
heat ing.  
To t e s t  t he  e f f e c t  of  the P rand t l  number 
a d d i t i o n a l  c a l c u l a t i o n s  were performed. I n  these 
r a t e s  between 63 and 82 km were reduced by 40% t o  
break ing w i l l  only produce net  
dependence numeri c a l  l y  , some 
c a l c u l a t i o n s  t h e  C02 c o o l i n g  
b r i n g  them i n t o  c lose r  
agreement w i th  Dickinson’s (1985) more accurate computations and t o  demonstrate 
t h a t  our conclusions do not depend c r i t i c a l l y  on t h e  I R  c o o l i n g  rates.  I n  addi-  
t i o n  the  C 0 2 ( v 2 )  d e a c t i v a t i o n  r a t e  by 0 c o i i i s i o n s  was ad jus ted  t o  
. 8 
2xlO-”exp(-8UO/T) cm3s-l ( s l i g h t l y  la rger  than the value adopted by Gordiets e t  
a ] .  (1982)) t o  b r i n g  the ca lcu la ted  temperatures i n  the  thermosphere i n t o  
agreement w i t h  CIHA 1972. For  the reader i n t e r e s t e d  i n  an extended d iscuss ion 
of t he  issues ra i sed  by t h i s  adjustment, Sect ion 3.6 o f  Apruzese e t  a l .  (1984) 
should be consu 1 ted. 
I n  Fig.  2 Model 1 conta ins the above mod i f i ca t i ons  wi th E = 1, P t  = 4 
and a 91 p r o f i l e  t h a t  is  - 3.3 times the Model A d i f f u s i o n  c o e f f i c i e n t  i n  
F ig .  1. 
exp [(z-65 km/H] cm s 
h igh  a l t i t u d e s  given i n  f i g u r e  caption.) 
cm2s‘1 f o r  Model 1, s l i g h t l y  less  than f o r  Model A. The ca l cu la ted  mesospheric 
temperatures i n  the  65 t o  75 km region are now i n  good agreement w i t h  C I R A  1972. 
A lso  t h e  lower thermospheric temperatures above 95 km a re  a l so  i n  good agreement 
w i th  C I R A  1972. 
where our ca lcu la ted  temperatures exceed C I R A  1972 by up t o  15” K, and would 
suggest t h a t  enhanced g r a v i t y  wave coo l ing  can be accommodated by lower ing P t .  
I f  P t  = 1, then t h e  Model 2 temperature p r o f i l e  i s  obtained wi th  a !%?sopause 
temperature of 140 K. 
s i t i v i t y  t o  P t  t h a t  we would expect from our d iscuss ion o f  Eq.(3). 
(The p rec i se  expression f o r  DM i s  DM = DoD,/(Do+D,), where Do = 3 x lo5 
2 -1 , H = scale height, and D,,, i s  t h e  asymptot ic value a t  
The asymptot ic value o f  DH i s  5x105 
\-- 
The p r i n c i p a l  reg ion o f  disagreement i s  between 80 and 95 km 
. 
Comparison o f  Models 1 and 2 i ) l u s t r a t e s  the  extreme sen- 
It i s  con- 
f i n e d  t o  the  reg ion  above 80 km where g r a v i t y  wave coo l i ng  exceeds s o l a r  heat ing.  
I n  Model 3, P t  = 4 but  DM i s  tw ice  i t s  value i n  Model 1. 
a t u r e  i s  on ly  lowered by 10 K with t h i s  f a c t o r  o f  2 increase i n  DM. 
km the  temperature change i s  i n s i g n i f  cant.  
when P t  = 4 i s  due t o  the  l a r g e  cance l a t i o n  o f  g r a v i t y  wave hea t ing  and c o o l i n g  
terms. For example a t  90 km, Hg + Cg =, -2.7 K d-’ f o r  Model 1 and -3.4 K d-’ 
f o r  Model 3, wi th  Cg = -6.3 and -10.6 K d-’, respec t ive ly .  When compared w i th  
Above 100 km, the  temper- 
Below 100 
The weak dependence on 9.1 ( o r  DH) 
, 
9 . 
t h e  s o l a r  heat ing  r a t e  o f  - 11 K d-’ ,  which i s  r a p i d l y  inc reas ing  w i t h  he ight  a t  
90 km, the  0.7 K d-’ change i n  Hg + C g  i s  i n s i g n i f i c a n t .  
4. Discussion and Summary 
The present study c l e a r l y  demonstrates the importance of the  Prandt l  
number f o r  mesospheric turbulence. For l a rge  Pt(’6) and E = 1, g r a v i t y  wave 
hea t ing  approximately balances g rav i t y  wave coo l i ng  and the  g l o b a l l y  averaged 
atmospheric temperature p r o f i l e  i s  c o n t r o l l e d  by r a d i a t i v e  processes. 
6, g r a v i t y  wave breaking produces only net  heat ing.  
For P t  > 
I n  the  o ther  l i m i t  P t  d 1, 
g r a v i t y  wave ’ b reak ing i s  general l y  character ized by very s t rong coo l i ng  but w i th  
smal l  heat ing  a t  t he  bottom o f  the  breaking zone. I n  t h i s  l i m i t ,  t he  coo l ing  i s  
s u f f i c i e n t l y  s t rong t o  impose a powerful cons t ra in t  on t h e  maximum permiss ib le  
l e v e l  of  turbulence i n  the  mesosphere w i thou t  p lung ing  the  mesopause temperature 
down t o  - 100 K. With allowance for unce r ta in t y  i n  our r a d i a t i v e  t rans fe r  model 
t h i s  upper l i m i t  i s  D = lo6 cm s . Our pre fer red  asymptot ic value i s  (5-6)x105 
cm s Below 70 km, the D p r o f i l e  f rom Model D i s  an absolute upper 
l i m i t .  
2 -1 
2 -1 when P t  = 1. 
From a c lose examination of Figs.  5 and 6 i n  Apruzese e t  a l .  (1984), 
one concludes t h a t  deducing a l o c a l  upper l i m i t  t o  D independent ly of the  t o t a l  
D p r o f i l e  i s  r i s k y  below the  mesopause. 
(1984) almost s a t i s f i e s  the  upper l i m i t  c o n s t r a i n t  DH < lo6 cm2s-l (DH = 
1 . 2 ~ 1 0 ~  cm2s’l f o r  h igh  a l t i t u d e s )  and i s  l ess  than t h e  d i f f u s i o n  p r o f i l e  o f  
For  example, Model 3 i n  Apruzese e t  a l .  
Model D below 70 km. But the  ca lcu la ted  mesopause temperature i s  - 130 K. , 
As discussed above, more rap id  t ranspor t  o f  cons t i t uen ts  i s  needed than 
a l lowed by the  heat t ranspor t .  
z a t i o n  o f  l i n e a r  wave chemical t ranspor t  by eddy d i f f u s i o n  given i n  Strobe1 
Schoeberl e t  a l .  (1983) extended the  parameter i -  
’ 
(1981) t o  i nc lude  the e f f e c t  of breaking g r a v i t y  waves. The i r  Eqs. (27)  and 
L 10 
(28) IiIay be combined t o  y i e l d  an e f f e c t i v e  v e r t i c a l  eddy d i f f u s i o n  c o e f f c i e n t  of 
where y i s  the  v e r t i c a l  wave number and L i s  the chemical loss r a t e  i s  u n i t s  o f  
s-1. 
by t h e  breaking g r a v i t y  wave and the second term represents eddy t ranspor t  by 
the  g r a v i t y  wave f o r  chemical ly ac t i ve  (L#O) species. Chao and Schoeberl (1984) 
have demonstrated t h a t  the l a s t  term, which ar ises  f rom d i r e c t  d i f f u s i v e  
t r a n s p o r t  by the  breaking g r a v i t y  wave, should be n e g l i g i b l e  r a t h e r  than 1/2 DH 
because the  pe r tu rba t i on  v e r t i c a l  v e l o c i t y  and mix ing  r a t i o  are-almost i n  
quadrature. 
The f i r s t  term represents d i f f u s i o n  by the  background turbulence created 
The eddy t ranspor t  o f  heat and cons t i t uen ts  by a g r a v i t y  wave i n  
the  break ing reg ion  cannot be represented by a l i n e a r  d i f f u s i e ? o c e < s  
accord ing t o  t h e i r  analysis,  Schoeberl e t  a l .  (1983) showed f o r  chemical ly 
a c t i v e  species i n  the  mesosphere and lower thermosphere t h a t  t h e  second term i n  
Eq.(5) can equal o r  exceed t h e  f i rst term when OH obeys our upper l i m i t  
cons t ra in t .  The authors are not w a r e  o f  any I D  chemical model t h a t  has t e s t e d  
whether FZz w i t h  DH < lo6  cm s 
i n  the  mesopause region. 
bulence, then the  L/2y2 con t r i bu t i on  t o  Kzz wi th  DH < lo6 cm s 
2 -1 can adequately account f o r  i o n s t i t u e n t  t r a n s p o r t  
I f  i t  can be proven t h a t  Pt = 1 f o r  mesospheric t u r -  
2 -1 would be essen- 
t i a l .  
k i s  the  h o r i z o n t a l  wave number, u i s  t h e  mean zonal wind, and c i s  the zonal 
phase speed. 
Note t h a t  expression (5) i s  v a l i d  on ly  when k (u-c )  >> y 2 D ~ ,  and L,  where 
The determinat ion o f  t h e  eddy Prandt l  number i n  the  mesosphere i s  an 
exceedingly d i f f i c u l t  experimenta measurement. To date only in ferences a re  
a v a i l a b l e  t h a t  are not  d e f i n i t i v e  o r  compelling, Al though Justus (1967) deter-  
mined Pt t o  be - 3  f r o m  photograph c t r a c k i n g  o f  rocke t  released chemical clouds 
11 . 
and analys is  of t u r b u l e n t  wind data i n  the  90 - 110 km region, there was con- 
s i d e r a b l e  s c a t t e r  i n  h i s  data po in ts .  Recent ly F r i t t s  and Dunkerton (1985) have 
t h e o r e t i c a l l y  examined c o n s t i t u e n t  and heat f l uxes  d r i v e n  by l o c a l i z e d  g r a v i t y  
wave breaking where the breaking zones are small  i n  v e r t i c a l  extent  i n  com- 
p a r i s o n  t o  the v e r t i c a l  wavelength. 
bulence leads t o  an eddy P rand t l  number given by 
I n  t h e i r  analys is  t h i s  l o c a l i z a t i o n  o f  t u r -  
2an + a2 Pf’ = 1 -n+r 
where a i s  a measure o f  supersaturat ion o f  t h e  breaking g r a v i t y  wave ( a  = 1 f o r  
s a t u r a t i o n ) ,  n i s  a measure o f  t he  l o c a l i z a t i o n  o f  turbulence, i.e. 
D = nl-tos$ 
these q u a n t i t i e s .  
2, P t  - 7. 
6. 
The ana lys i s  o f  F r i t t s  and Dunkerton (1985) s t r o n g l y  suggests t h a t  P t  
l a r g e  supersaturat ion (a > 2) r e s u l t s  i n  t h e  msosphere from break ing g r a v i t y  
waves. 
by Theon e t  a l .  (1967) and P h i l b r i c k  e t  a l .  (1983) i n d i c a t e  supersaturat ion by 
up t o  a - 1.3, but  not 2. 
and + = kx+mz-ct i s  the wave phase w i t h  t h e  usual d e f i n i t i o n s  f o r  
3.5 and n = 
( 2 ) n  
They recommend a = 1.3; thus f o r  n = 1.5, P t  = 
With a = 1, n = 1.5 and 2, t h e  respec t i ve  values of P t  are 3.3 and 
With even modest l o c a l i z a t i o n  o f  turbulence (n = l ) ,  P t  4 2 f o r  a 4 1-1.5. 
2 unless 
t 
Then t h e  eddy Prandt l  number can be reduced t o  P t  = 1. Observations 
The F r i t t s  and Dunkerton (1985) model i s ,  however, an a n a l y t i c  t r e a t -  
ment o f  convect ion ef fects  f o r  a s i n g l e  break ing g r a v i t y  wave discussed by Chao 
and Schoeberl (1984) and may no t  accurate ly  represent t h e  breakdown of a g r a v i t y  
wave packet. For  example, t h e  t u r b u l e n t  region, i n i t i a l l y  se t  up by the  f o l d i n g  
of t he  p o t e n t i a l  temperature surface, w i l l  expand i n  t ime as s t a b l e  a i r  i s  
en t ra ined  i n t o  the tu rbu len t  zone. .Thus t h e  heat f l u x  w i l l  vary i n  t ime and a 
12 
t u r b u l e n t  zone which best represents the  t ime mean heat f l u x  may be q u i t e  d i f -  
f e r e n t  froin the zone where breaking i n i t i a l l y  begins. The actual  quest ion of 
heat t r a n s p o r t  by breaking g r a v i t y  waves may not  be s e t t l e d  u n t i l  d e t a i l e d  
numerical  s i r m l a t i o n s  are performed. 
F i n a l l y ,  i t  i s  impor tant  t o  r e c a l l  tha t  the  arguments put  f o r t h  by Chao 
and Schoeberl (1984) and F r i t t s  and Dunkerton (1985) f o r  heat t r a n s p o r t  induced 
by a s i n g l e  breaking wave do not  i nc lude  heat t r a n s p o r t  produced by s tab le  waves 
encounter ing a t u r b u l e n t  zone and/or being r a d i a t i v e l y  damped. The e f f e c t  o f  
these processes gives r i s e  t o  an eddy P rand t l  number o f  only 1. This  d iscuss ion 
r a i s e s  t h e  p o s s i b i l i t y  t h a t  P t  may indeed be v a r i a b l e  w i th  an i n i t i a l  value t h a t  
I s  l a r g e  a t  t he  onset o f  wave breaking and as t h e  turbulence develops d i ss ipa -  
t i o n  o f  s t a b l e  waves d r i v e s  t h e  eddy P r a n d t l  number down t o  an asymptotic value 
o f  1. i. - 
- 
-.&F.. 
Al though t h i s  paper has been concerned p r i n c i p a l l y  w i t h  t h e  g l o b a l l y  
averaged eddy d i f f u s i o n  c o e f f i c i e n t ,  t h e  c o n s t r a i n t s  on i t  discussed above a re  
a l s o  a p p l i c a b l e  l o c a l l y .  For example, t h e  maximum values o f  occur above t h e  
cores of t he  zonal j e t s  near the  stratopause. I f  P t  were - 1,- then a secondary 
c i r c u l a t i o n  would have t o  be se t  up i n  t h e  atmosphere t o  l o c a l l y  balance t h e  
s t r o n g  c o o l i n g  when > 10 cm s . 6 2 -1 
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F i  gure Captions 
F ig.  1 (Upper panel )  Eddy o r  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t s  descr ibed i n  
t h e  t e x t  as a f u n c t i o n  of a l t i t u d e  and used t o  c a l c u l a t e  temperature 
p r o f i l e s  (middle panel ) which are compared w i th  C I R A  1972 temperature 
p r o f i l e .  (Lower pane l )  the c o o l i n g  o r  hea t ing  r a t e  associated w i t h  
the  divergence o r  convergence o f  t he  downward eddy heat f l u x .  A l l  
- c a l c u l a t i o n s  w i t h  P t  = 1, 
Fig.  2 Calcu lated temperature p r o f i l e s  w i t h  mod i f i ed  CO, c o o l i n g  ra tes  as a 
f u n c t i o n  o f  a l t i t u d e  compared w i t h  C I R A  1972 temperature p r o f i l e  which 
\-. 
-1c. - 
i l l u s t r a t e  s e n s i t i v i t y  t o  P t .  The respec t i ve  values o f  P t  and asymp- ..  
- -  
t o t i c  values o f  DM (D,) are: 
[l, 2 x lo6], and (Model 3) c4, 4 x lo6 cm s 
(Model 1) [4, 2 x lo6], (Model 2) 
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